Abstract Characterization utilizing X-ray photoelectron spectroscopy (XPS) revealed the presence of all the expected elements found in trishydrazone hydrogels (3). Morphological study on confocal laser scanning microscopy (CLSM) and atomic force microscopy (AFM) revealed the branching and bundling of fibers that led hydrogels network as well as the presence of cross-linked nanofibrillar network structure. A three-factor three-level Box Behnken design was implemented to study the concurrent effects of three main variables (concentration of precursor; 10-20 mM, pH; 3-7, and concentration of buffer; 50-150 mM) on mechanical strength of hydrogels. Analysis of variance (ANOVA) was conducted to investigate the potential interactive and quadratic effects between these variables and revealed that interaction between the pH value and the concentration of buffer (X 2 X 3 ) showed a significant effect on the response since the significance of the design model (pvalue) was set at <0.05. Experimental results showed that acid catalyst at pH 5 had a significant effect on mechanical properties of hydrogels compared to uncatalyzed condition at pH 7 where Peer review under responsibility of King Saud University.
Introduction
Trishydrazone hydrogels that are built from low-molecular-weight gelators (LMWGs) are currently considered as replacement for polymeric gelator systems because of their unique properties that cannot be attained by polymeric gelators. Trishydrazone hydrogels response promptly to external stimuli, and possess low critical gelation concentrations (cgc) (Tiller, 2003) . The properties of hydrogels which can be controlled via external stimuli may open the possibility to design the new gelator systems for various applications (Wang et al., 2008) . Trishydrazone hydrogels can also be quickly flushed out from the body once they turn from gel to sol transition, thus making them as a useful candidate for biopharmaceutical applications such as for drug delivery (van Bommel et al., 2004) . Interestingly, hydrogels based on biomaterials can be used as drug carrier to enter the body in several ways such as oral, rectal, epidermal, ocular and subcutaneous application (Costa et al., 2012) . It is known that the hydrazone bonds are hydrolytically labile bonds because of easy incorporation of hydrazides into delivery materials and the rate of drug release control can be achieved by loading the drug to the hydrazone bonds (Jesus et al., 2002) . Matson and Stupp (2011) developed a hydrazide-containing peptide amphiphile nanofiber gels which could be attached to the nabumetone drug (ND) via hydrazone formation and could be possibly used to slowly release the ND from the gels into aqueous solution.
Response surface methodology (RSM) can be implemented as an effective tool to determine the influence of several independent variables on responses and at the same time could optimize the best conditions of process variables (Anderson and Whitcomb, 2005) . In general, Response Surface Methodology (RSM) is a collection of statistical and mathematical technique to determine the optimum parameter for the experimental design (Montgomery, 2005) . This technique is useful and could help to suggest the optimum condition for preliminary experimental work where this method would recommend the best experimental condition based on the design model. Thus, RSM could evaluate the effect and relationship among the variables in the reaction process, determine the most influential parameter in the experimental process and save the cost and time as it could reduce the number of experimental works.
RSM has been widely used to optimize the mechanical strength of materials such as polymer based hydrogels (Zheng et al., 2011; Kim et al., 2003) . Liu et al. (2013) have optimized the improved gel properties of low-quality surimi by adding konjac glucomannan (KGM). Another applications of RSM for gels optimization were optimization of simultaneous effects of compositional variables (sago starch and sugar) and shearing speed of mixer on textural and rheological properties of gels (Teng et al., 2011) , in drug delivery system study (Chaudhary et al., 2010; Chopra et al., 2007) , and food and beverages industries (Bono et al., 2012; Akesowan, 2014) .
To the best of our knowledge, there is no study reporting on the optimization of mechanical strength of trishydrazone hydrogels using response surface method. In this study, a full factorial experimental design for the optimization of mechanical strength of trishydrazone hydrogels (3) was investigated by rheometer. Herein, we also reported the individual and mutual parameters (concentration of precursor (1), pH and concentration of buffer) for the mechanical strength of trishydrazone hydrogels (3). A Box-Behnken design was chosen to determine the optimum mechanical strength hydrogels, and also to further elucidate the relationships between hydrogels strength and those three parameters.
Materials and methods

Materials
All reagents were purchased from commercial sources and were used as provided unless stated otherwise. Precursor compounds namely cyclohexane-1,3,5-tricarbohydrazide (1) and 3 ,4-bis(2-(2-methoxyethoxy)ethoxy)-benzaldehyde (2) were synthesized based on previously described procedures (Poolman et al., 2014) . Sodium phosphate dibasic (98.5%) and Sodium phosphate dibasic heptahydrate (98.0-102.0%) were purchased from Sigma-Aldrich. All experiments were performed using Milli-Q water.
Experimental
Preparation of trishydrazone hydrogels (3)
Trishydrazone hydrogels (3) formed from mixture of (1) and (2) as depicted in Fig. 1 were prepared according to formulation design shown in Table 1 by dissolving the appropriate amount of stock solutions of (1) and (2) in phosphate buffer at different pH conditions in vial. The mixture then was vigorously mixed to ensure the homogeneity. Trishydrazone hydrogelator (3) has the ability to self-assemble and stack on each other and could gelate the surrounding solvent (i.e. water) to form fibers and subsequently forming gel networks.
Characterization, morphology and XPS studies of trishydrazone hydrogels (3)
For characterization purpose, trishydrazone hydrogelator (3) was prepared by adding an appropriate amount of concentration of (1) solution in Milli-Q water to an appropriate amount of concentration of (2) solution in Milli-Q water with the final molar ratio is 1:6 (1) to (2). Morphology of trishydrazone hydrogels (3) gel networks was examined by using a confocal laser scanning microscopy (CLSM) Zeiss 700 equipped with a Zeiss Axio Observer inverted microscope, 40x Plan Fluor oil immersion objective lens (NA 1.3) using incident wavelengths of 488 nm. A z-step size of 0.53 lm was used to optically section the samples and the z-stacks were performed with confocal pinhole set to 1.0 airy unit. In order to visualize the gel network under microscope, an aldehyde functionalized fluorescein-derived fluorescent probe (fluorescent probe) was incorporated into the fiber formation process (Boekhoven et al., 2013) . Image processing was conducted on Zen 2011 Image Analysis software.
Morphology of trishydrazone hydrogels (3) gel networks was further characterized on AFM with an Ntegra P8 from NT-MDT using NSG01 series cantilever (reson, freq, 150 kHz, force const. 5.5 N/m) mounted with Diamond Like Carbon (DLC) tips which was purchased from NT-MDT, in Delft University of Technology, the Netherlands. The AFM images were obtained at room temperature in air and were processed by Nova Px Image Analyzer 2014.
X-ray photoelectron spectroscopy (XPS) was employed to observe the types of the functional groups that bonded to the atoms of C and N in trishydrazone hydrogels (3) compound. The pre-dried gels were characterized by Kratos Surface Analysis Spectrometer XSAM HS instrument using Mg Ka L(1253.6 eV) as the X-ray source and the spectrum was recorded at 10 mA with 14 kV of energy source. The base pressure in the analysis chamber was approximately 10 Â 10 À10 mbar or lower during spectral acquisition. Charge compensation was implemented during spectral acquisition using an electron flood gun operated at 5 eV. The binding energy scale was corrected for charging effect based on the binding energy of C 1s peak from the surface contamination obtained from the analyzed sample which was assigned a value of 284.6 eV. At the beginning, survey scans were taken ranging from 0 to 1500 eV of binding energy. Then, the high resolution scans were conducted in the regions of interest involving elements of oxygen 1s, carbon 1s, nitrogen 1s. The peak fitting was done by peak deconvolution using CasaXPS software (Casa Software Ltd.). Curve fitting of the spectra was conducted using a Gaussian-Lorentzian peak shape after carrying out a Shirley background correction.
Determination of mechanical strength of hydrogels
Measurement of hydrogels strength was conducted in a Physica MCR 300 Rheometer, using a steel plate-plate geometry of 25 mm in diameter and applying dynamic oscillatory measurements. The temperature of the plates was maintained at 25 ± 0.2°C. Linear viscoelastic region was up to 0.5% strain for all gels; thus, the time sweeps measurements were conducted under 0.05% strain with a frequency of 1 Hz.
Experimental design
The three-level, three-factorial Box-Behnken experimental design was selected to investigate and validate the process parameters that affected the mechanical strength of gels. 3 factors as independent variables involving namely concentration of precursor (1), pH value, and concentration of buffer were labeled as X 1 , X 2 and X 3 , respectively. The response was the storage modulus, G 0 , at the end of time rheological time sweep experiment. The real and coded levels of the independent variables used in the experiment design are shown in Table 1 . The experimental design matrix was generated based on 3 3 factorial design with the help of the Design Expert 7.0 software.
All experiments were conducted at random to minimize the effect of an explained variability in the observed responses due to systematic errors. In a function of X, a second-order polynomial equation (Eq. (1)) was fitted for each factor assessed,
where Y is the estimated response; b 0 , b i , b ii , and b ij are constant coefficients (b 0 a constant, b i the coefficients for linear terms, b ii the coefficients for quadratic terms, and b ij the coefficients for interactive terms). The optimum response (Y opt ) as well as the corresponding process parameters was also investigated. Analysis of ANOVA was performed to test the validity of the design model. The fitness of the design model was tested by F-distribution test (Fisher variation ratio) and p-value (significantly probability value) respectively. (1) and 3,4-bis(2-(2-methoxyethoxy)ethoxy)-benzaldehyde (2). Blue and red represent the hydrophilic and hydrophobic parts respectively (Boekhoven et al., 2013) . The self-assembly of trishydrazone hydrogelator (3) leading to gel network formation was visualized by confocal laser scanning microscopy (CLSM). CLSM revealed the presence of supramolecular nanofiber networks microstructure as depicted in Fig. 2(a) and (b) . Both figures illustrated the morphology of the network exhibited the branching and bundling of fibers leading to dense and well-connected network. Moreover, the micrographs also showed that the gel networks were evenly distributed. Morphology and structural information in three dimensions of nanofibers were further characterized by AFM. In this measurement, spatial dimensions of the fibers and the network structure formed by the nanofibers were visualized with 2D AFM images. Fig. 3(a) and (b) shows the topography and phase contrast images of AFM results for nanofibers morphology at a large surface area of 10.0 Â 10.0 lm 2 which revealed the presence of cross-linked nanofibrillar network structure. The results for distribution of height and diameter of trishydrazone hydrogels (3) were reported previously .
XPS study
Condensation reaction of cyclohexane-1,3,5-tricarbohydrazide (1) and 3,4-bis(2-(2-methoxyethoxy)ethoxy)-benzaldehyde (2) to produce trishydrazone hydrogelator (3) in the presence of acid catalyst has been published previously (Boekhoven et al., 2013) . Trishydrazone hydrogelator (3) has the ability to self-assemble and stack on each other and could gelate the surrounding solvent (i.e. water) to form fibers and subsequently forming gel networks.
For further characterization of trishydrazone hydrogels (3), chemical analysis was performed by X-ray photoelectron spectroscopy (XPS) to verify the presence of elements in the functional groups on trishydrazone hydrogels (3) surface. XPS survey spectrum in Fig. 4(a) showed the element that exists from scanning of trishydrazone hydrogels (3) in which the atomic percentage of each element was displayed in Table 2 . It can be seen from the survey spectra that the expected elements such as C1s, N1s and O1s were present in surface of trishydrazone hydrogels (3) and the XPS atomic percentages were in agreement with the trishydrazone hydrogels (3). The XPS narrow scan of C 1s spectrum as depicted in Fig. 4(b) can be curve fitted into 5 peak components with binding energies at about 284.2, 284.8, 285.1, 285.8, and 286.2, attributable to the CAH, CAC, C‚C, CAOH, and C‚N, respectively (Jeon et al., 2013; Giesbers et al., 2013; Xu et al., 2006) . However, the peak due to CAN overlapped with C‚N as the difference in their position is only 0.2 eV (Shard et al., 2004) . Detailed analysis of the XPS spectra of the oxygen 1s core region exhibited that the spectra can be curve fitted into 2 components. As illustrated in Fig. 4(c) , there were two binding energies at 531.8 and 533.4 eV which revealed the presence of C‚O and CAO groups, respectively (Jeon et al., 2013) . From deconvolution of the N1s XPS spectrum in Fig. 4(d) , the spectrum for trishydrazone hydrogels (3) was well-fitted to two peaks with binding energies at 398.4 and 399.70 eV indicating the N in CAN bonds and the N in C‚N bonds, respectively (Lv et al., 2013) . The identification of each chemical species as depicted in Fig. 4(b) -(d) was based upon literature-reported peak positions of known chemical compositions and is summarized in Table 3 .
Optimization of trishydrazone hydrogels (3)
Optimization of mechanical strength of hydrogels was studied using the Box-Behnken design where 17-experimental runs were taken at random orders as depicted in Table 4 . Three parameters were selected to investigate the most important factors affecting the hydrogels strength namely concentration of precursor (1), pH value, and concentration of buffer. Multiple regression analysis (Table 5) was employed and the experimental results of the full factorial Box-Behnken design were fitted to the polynomial Eq. (1). The adjusted model found for hydrogels strength (response), as a function of the more significant variables, is shown in Eq. (2).
Hydrogels strength ðYÞ ¼
where Y is the estimated response (Hydrogels strength), X 1 is the concentration of precursor (1), X 2 is the pH value and X 3 is the concentration of buffer.
The presented results of analysis of variance (ANOVA) in Table 5 showed that the developed quadratic model is significant for prediction of mechanical strength of hydrogels under the studied experimental condition. Based on the experimental results acquired, the model F-value and the corresponding pvalue were 1379.57 and <0.0001 respectively. These indicated that the model was significant and only had 0.01% chance that the model F-value happens due to noise. From the results, pH (X 2 ) was the most influential parameter among those 3 parameters which attained 268.25 of F-value and followed by concentration of buffer (X 3 ) with 146.71 of F-value. The least influential parameter was concentration of precursor (1) (X 1 ) which scored 36.10 of F-value. The p-value should be <0.05 to validate the significant of the design model. The lack of fit value of 0.20 implied that the lack of fit was not significant relative to the pure error. There was 84.27% chance of this lack of fit and this large could occur due to noise. Non-significant lack of fit depicted that the model was good and well fitted in the experiments. Furthermore, referring to ANOVA of Table 5 , only the interaction between X 2 X 3 showed a significant effect on the response since the significant of the design model (p-value) was set at <0.05.
The coefficient of determination, R 2 value of 0.9994 showed the predicted polynomial model tolerantly well fitted the data. The value of the predicted R 2 (Pred R-Sq) was 0.9977 in reasonable agreement with value and the adjusted R 2 (Adj RSq) was 0.9987. The comparison between predicted versus actual values of hydrogels mechanical strength is illustrated in Fig. 5 . Obviously, the values distributed relatively along the regression line indicating a good agreement between the predicted and actual values and within the range of experiment (Zhang et al., 2011) .
Response surface plots
Three dimensional (3D) plots were constructed by Design Expert 7.0 software as displayed in Figs. 6-8 to illustrate the relation and importance of those three independent variables (concentration of precursor (1), pH value, and concentration of buffer) with dependent variable (storage modulus). In the response surface plot and contour plot, the mechanical strength of hydrogels (storage modulus) was acquired along with two continuous variables, while the other one variable was fixed constant at its 0 level. The maximum predicted value indicated by the surface was confined in the smallest eclipse in the contour diagram. It is known that the elliptical contours would be obtained when there is a good interaction between the independent variables (Yuan et al., 2015) .
The strength of hydrogels affected by concentration of precursor (1) and pH was seen in Fig. 6 , when concentration of buffer was maintained at the zero level in the contour plot. The plot showed that the storage modulus increased as the pH was extended from 4.0 to 5.0. However, further increase in pH results in the decrease in the storage modulus. The storage modulus also increased as concentration of precursor (1) increased from 15 to 20 mM, and the storage modulus reduced after concentration of precursor (1) went to 25 mM. The maximum storage modulus was obtained when the concentration of precursor (1) and pH was 20 mM and 5 respectively. Fig. 7 demonstrated the strength of hydrogels for varying concentration of precursor (1) and concentration of buffer when the pH was maintained at the zero level. It was depicted that the optimum storage modulus was obtained when the concentration of precursor (1) and concentration of buffer were 20 and 100 mM, respectively.
The response contour in Fig. 8 described the interaction between pH and concentration of buffer with the concentration of precursor (1) was set at zero level. It was found that increasing the pH from 3 to 5 and increasing the concentration of from 50 to 100 mM increased the storage modulus of hydrogels and the maximum value of the storage modulus was observed within those levels. Validation of the experiment was performed at the optimum conditions as illustrated in Table 6 to obtain the maximum mechanical strength of hydrogels. Response optimum values were achieved by setting the starting point of concentration of precursor (1), pH and concentration of buffer at 20 mM, 5 and 100 mM respectively. The response that is storage modulus was estimated as 49.0 kPa within these optimum conditions (concentration of precursor (1) 21 mM, pH 4.8 and concentration of buffer 100 mM). An additional experiment was further conducted within those optimum conditions (concentration of precursor (1) 21 mM, pH 4.8 and concentration of buffer 100 mM) to verify the agreement of the model and experimental results. It is found that the experimental value obtained was 50.5 kPa and gave the maximum error of ± 3% from the predicted results indicating the validity of the finding of response surface optimization. Figure 5 Fit plot of regression model for mechanical strength of hydrogels from the experimental design. 
Conclusions
In this study, mechanical strength of hydrogels was evaluated by response surface methodology. It was illustrated that the influence of catalyst on the material properties showed different mechanical strengths with catalyst. At pH 5, the mechanical properties reached the highest value with storage modulus, G' of 50 kPa compared to uncatalyzed sample at pH 7 with storage modulus, G' only 5 kPa. The fact that the mechanical strength of trihydrazone hydrogels (3) is higher in acidic condition due to formation of branching interconnecting nanofibers which subsequently formed thick homogenous networks leading to a higher modulus storage in catalytic condition. While in the absence of catalyst, there would be less branching and poor connection in nanofibers network leading to lower modulus storage (Boekhoven et al., 2013) . Optimization study by using RSM for all three independent variables namely concentration of precursor, pH and concentration of buffer validated the results obtained from the experiment where it showed a good agreement between each other. According to the statistical design method, the optimal operation conditions were determined at concentration of precursor = 20 mM, pH = 5 and concentration of buffer = 100 mM. Among the three stated variables (Concentration of precursor (1), pH and Concentration of buffer), pH was the most influential parameter. Verification experiment was performed at the optimum conditions and the experimental value (50.5 kPa) closely agreed with predicted value (49.0 kPa). 
